Abstract. Wheel and rail contact is a transport application of contact mechanics. Outputs of the contact interface are investigated in various perspectives. Examinations of the inputs are generally ignored, but there are assumptions that include material parameters. This study examines the material inputs and assumptions of the previous wheel and rail contact analyses. This study covers the comparison of different elastic material parameters and the effects of the elastic wheel assumption.
Introduction
Finite element analysis (FEA) is used to research railway structures. With the increase in speed of the railway vehicles, various studies are employed to wheel and rail contact. The examinations are related to either wheel-rail normal contact or rolling contact. Normal contact analyses investigate the normal stress distributions that occur in the contact area of the bodies, whereas rolling contact simulations deal with both normal and tangential contact problems.
Findings of contact interaction are mainly affected by geometry of the bodies [1] [2] [3] , inputs of material parameters [4] and applied loads. Corresponding studies take various material models, which consist of linear elastic and elastic-plastic material behaviours, into consideration. One of the initial analytic works describing the normal contact problem is the implementation of Hertz [5] . The Hertz theory is based on elastic mechanical properties. Yan and Fisher examined the practicability of the Hertz contact theory in wheel-rail interaction. Material behaviour of the wheel and rail is considered to be linear elastic in which Young's modulus (E) and Poisson's ratio (ν) is equal to 210 GPa and 0.3, respectively. Rail material behaviour is assumed as plastic in the elastic-plastic analysis, yet wheel is linear elastic [6] . Elastic characteristics are used either equally or differently for the wheel and the rail in the investigations.
Zhao and Li developed a 3D model in order to evaluate normal and tangential contact solutions in wheel-rail contact [7] also velocity dependent friction condition [8] . The authors presented frictional wheel-rail rolling contact in elastoplasticity. The 3-D finite element model was set up to simulate rolling contact. In the model, equal values of material parameters were applied to the components by the authors of [9] . Zhao et al. developed the 3D explicit finite element model in order to observe rolling contact with the contaminated rail. There is no difference in material models of wheel and rail in the model (E = 205.9 GPa, ν = 0.3) [10] . However, Arslan and Kayabaşı researched the 3D wheel and rail contact model and clarified the flowchart of the 3D model which fits best to reality [11] . In the study, different values of Young's modulus and Poisson's ratio are employed to the bodies. Also, the bilinear elastic-plastic model [12] is different for each component. The material model was used in the other study [13] . Wheel-rail\switch contact was also investigated by researchers [14] . Additionally, analytic contact computations are imported into dynamic simulation of a rail vehicle. Hertz contact theory [5] is commonly used to find contact pressure and geometry of the contact patch, so similar assumptions are used in the dynamic simulations.
The main idea of this study is to develop better evaluation of influences of material inputs in the contact studies. Not only elastic, but also elastic-plastic material properties are considered. The evaluation consists of pressure distribution, dimensions of contact area and maximum pressure values. The results of the study provide an insight into the selection of material parameters for examinations related to wheel and rail contact.
Modelling of wheel and rail contact
In this study, UIC 60 rail [15] and S1002 [16] wheel theoretical profiles which are regularly used in Europe are utilized. The model of the wheel having a radius of 460 mm in a longitudinal direction is generated without the hub section due to simplification of the geometry. The length of the rail part is 200 mm and a portion of the wheel is cut off the whole body of the wheel by a 20° angle. The generation of a simplified geometry of the wheel and rail is given in Figure 1 . 
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The inclination angle of the rail in railway track geometry could be either 1/20 or 1/40. The rail is inclined at 1/40 (1.432 degree) to obtain realistic track geometry. The reference point of rail that is 14 mm below from the top of rail (TOR) is determined to specify the rail position. The tape line circle of the wheel is set up 750 mm from the track centre point to obtain zero lateral shift position of the wheel and centred position of the wheelset, which is visually presented in Figure 2 [17] . 
Material properties of the assembly
In this study, three different linear elastic material properties of the wheel and rail are examined. Each of the conditions is named as a case of the study. The material parameters (Young's modulus, Poisson's ratio) of the cases used by previous studies in linear elasticity are listed in Table 1 , cases 1-3. Table 1 Material properties of the studied cases [9, 11, 12, 18] ; "EP" means elastic-plastic material model whose parameters are specified in Table 2 Young's modulus [GPa] Poisson ratio wheel rail Arslan and Kayabaşı [11] utilized a bilinear material model of the previous study [12] . Elastic material properties of the study is used in case 3. In order to compare the results of the elastic-plastic wheel-rail (case 4) and the elastic wheelplastic rail (case 5) assumptions, a bilinear material model is defined. The material model for the comparative study is listed in Table 2 . Zhao and Li [9] determined elastic-plastic material model in reference to literature [19, 20] . The difference in the case 4 and 5 is material properties of the wheel part. The material model of the rail is elastic-plastic in both cases, but the wheel part is different. One of the cases assumes elastic wheel material, while the other one is elastic-plastic material property for wheel. Table 2 Parameters of elastic-plastic material model [9, 19, 20] 
Procedure of finite element analysis
The numerical simulation is performed through ABAQUS TM [21] . Simplified geometry of the wheel and rail is imported into the FEA program. A reference point is placed at the centre of the wheel axle. The connection between the reference point and inner surface of the wheel is achieved with a type of constraint. The axle load is applied to the reference point in the z-axis. The bottom of the rail is restricted to vertical motion via a fixed type of boundary conditions. The right and left sides of the wheel are constrained into lateral and longitudinal directions due to profile of the wheel. The profile of the wheel is conical (i.e. not straight and level in the lateral direction), so the profile brings about undesired motions during simulation. The density of the mesh structure is locally increased in the contact region of the assembly. A solid C3D8R reduced integral element is used for meshing process [21] . Various edge size of the element is applied to model and values of the maximum contact pressure are compared in each other. 0.5 mm mesh size is chosen for edge length of the element in the contact region. Meshed bodies are illustrated in Figure 3 .
Normal contact definition at the contact interface is defined in the ABAQUS TM . The coefficient of friction is not taken into account, since there is no tangential contact definition in the interaction properties. The effect of gravitational force is not considered in the simulation [21] . 
Results

Elastic material behaviour
Firstly, outputs of the elastic analysis (cases 1-3) are compared to each other according to maximum contact pressure and pressure distribution, as well as the total contact area. The cross-section view of case 1 is shown in Figure 4 . Equivalent stress distribution of the cross-section view of wheel and rail contact is visualized with a stress legend. As it appears in the cross-sectional view, the maximum stress level is observed under the surface of the wheel and rail. There are two peaks in the observed surface stress distribution, which means that the contact patch is composed of two sub-regions. This situation is not compatible with Hertzian contact geometry.
Initial comparison consists of the pressure distribution which is determined by obtaining nodal results on the undeformed contact patch. The top view of the patch is illustrated in Figure 5 . Pressure distribution at the centre of the contact patch is obtained in the lateral direction (A-A ı direction). The distribution is given in Figure  6 . There is no significant difference among the cases. The maximum pressure levels and total contact area of the three cases are listed in Table 3 . Total contact area is acquired thanks to ABAQUS TM . The maximum pressure level of case 1 is bigger than those for case 3, but that is not remarkable since the values differ by no more than 1.4%. The difference between these cases depends on Young's modulus of the rail which is lower than in case 1. 
Elastic-plastic material behaviour
The second part of the results show the variations between case 4 and 5 (Table 4) . Elastic wheel assumption gives rise to higher maximum pressure values in the contact interface. Elastic mechanical properties of case 4, 1 and 5 are the same. On account of that, maximum pressure level of case 5 is close to level of case 1. However, there is a difference due to plasticity. At the point where stress distributions of the wheel bodies of cases 4 and 5 are compared (Fig. 7) , the distributions do not agree with each other. The difference stems from plasticity. Case 5 has elastic wheel assumption, so plastic strain does not occur in the body of the wheel.
A note should be made on the extent of plastic deformation. Yield strength of the material is set to 500 MPa, whereas the calculated wheel-rail contact pressure goes beyond by twice that value. That is, however, not decisive for plasticity. Equivalent tensile stress determined by following von Mises criterion, i.e.
(σ1, σ2, σ3 meaning the principal stresses) does not exceed the yield stress value at the surface and there is no plastic deformation of the surface layers in the contact area. The zone of plastic deformation is limited to the inside of the material for the investigated case. It would shift/extend towards the surface if the compressive force was higher or the tangential force was also present [22] .
Conclusions
Findings of the study may be summarized as follows; 1. Material inputs of cases 1, 2 and 3 have got no remarkable effects on the results.
Young's modulus of steel, in the range that can be considered for wheel and rail, makes only a small variation in the resulting stresses and the contact area size; selection of different values for the wheel and the rail also has little effect. 2. Plastic deformation changes the outputs of the contact interface. If the elasticplastic material model is considered, a plastic zone is formed under the surfaces of the bodies. In the investigated cases (frictionless contact with maximum elastic pressure about 1100 MPa), however, the extent of plastic deformation does not reach to the surface and the maximum contact pressure is only a little lower than for the linear elastic case. The influence of plasticity would be higher if the yield strength was lower or the loading was higher. Additionaly, if the yield strength of the wheel is higher than that of the rail, outputs of the analysis would be dissimilar from previous results. 3. Elastic wheel assumption gives rise to differences, which is obviously understandable from maximum contact pressure levels, in the normal contact problem. Researchers who are interested in wheel-rail contact, rolling contact fatigue etc. should consider this effect.
